Incentives play a crucial role in guiding behavior throughout our lives, but perhaps no more so than during the early years of life. The ventral striatum is a critical piece of an incentive-based learning circuit, sharing robust anatomical connections with subcortical (e.g., amygdala, hippocampus) and cortical structures (e.g., medial prefrontal cortex (mPFC), insula) that collectively support incentive valuation and learning. Resting-state functional connectivity (rsFC) is a powerful method that provides insight into the development of the functional architecture of these connections involved in incentive-based learning. We employed a seed-based correlation approach to investigate ventral striatal rsFC in a cross-sectional sample of typically developing individuals between the ages of 4.5 and 23-years old (n = 66). Ventral striatal rsFC with the mPFC showed regionally specific linear age-related changes in connectivity that were associated with age-related increases in circulating testosterone levels. Further, ventral striatal connectivity with the posterior hippocampus and posterior insula demonstrated quadratic age-related changes characterized by negative connectivity in adolescence. Finally, across this age range, the ventral striatum demonstrated positive coupling with the amygdala beginning during childhood and remaining consistently positive across age. In sum, our findings suggest that normative ventral striatal rsFC development is dynamic and characterized by early establishment of connectivity with medial prefrontal and limbic structures supporting incentive-based learning, as well as substantial functional reorganization with later developing regions during transitions into and out of adolescence.
Introduction
Incentives play a crucial role in our lives, providing opportunities to learn about and adapt to the environment. Pursuit (or avoidance) of incentives is a powerful motivator of behavior particularly during development (e.g., early life), when less is known about the world and the value of environmental stimuli is being learned rapidly. Research across species highlights the ventral striatum as a key neural structure supporting incentive-based valuation by coding for expected and experienced incentives of varying valence and magnitude to inform learning and decision-making (Alexander et al., 1990; Delgado, 2007; Haber and Knutson, 2010; Haber and McFarland, 1999; Hare et al., 2008a; O'Doherty, 2004; Plassmann et al., 2007; Robbins and Everitt, 1996; Robbins et al., 1989) . This structure is extensively connected to both cortical and subcortical structures involved in valuation and learning, forming components of functional neural circuits supporting motivated behavior (Alexander et al., 1990; Haber and Knutson, 2010; Haber and McFarland, 1999; Pennartz et al., 2011) . Because of its extensive connectivity, the ventral striatum is considered a hub of cognitive and affective integration (Cohen et al., 2009; Delgado et al., 2000; Di Martino et al., 2008; Haber and Knutson, 2010; Hare et al., 2008a; Knutson et al., 2001 Knutson et al., , 2005 Leotti and Delgado, 2011a,b; O'Doherty, 2004; Pennartz et al., 2011; .
Ventral striatal function and connectivity patterns supporting incentive-based valuation and learning are well characterized in studies of adults (Cohen et al., 2009; Delgado et al., 2000; Di Martino et al., 2008; Hare et al., 2008a; Knutson et al., 2001 Knutson et al., , 2005 Leotti and Delgado, 2011a,b; O'Doherty, 2004; , which show that ventral striatum lies at the vertex of an incentive-based learning circuit that includes the amygdala, hippocampus, medial prefrontal cortex, and insula. Each of these regions contributes uniquely to incentive-based learning. The amygdala is highly involved in rapid evaluation of potentially incentivizing stimuli and affective learning across species (Belova et al., , 2008 Campeau and Davis, 1995; Paton et al., 2006; Phelps and LeDoux, 2005) . Hippocampal contributions to incentive-based decision-making involve incorporating contextual information (e.g., past experiences) to bias future decisions (Barron et al., 2013; and constructing representations of incentive value for novel stimuli based on memories of related component stimuli (Barron et al., 2013) . Regions of medial prefrontal cortex (e.g., orbitofrontal cortex (OFC), ventromedial PFC (vmPFC)) represent expected and experienced incentive value (Alexander and Brown, 2011; Behrens et al., 2007; Hare et al., 2008a; Kennerley et al., 2006; Kringelbach et al., 2003; O'Doherty et al., 2001; Rolls, 2000) , and support representation of outcome history and action outcome predictions (Alexander and Brown, 2011; Bartra et al., 2013; Behrens et al., 2007; Kennerley et al., 2006; Phelps et al., 2014) . Finally, the insula, while functionally diverse, is a key component of a valuation system (Bartra et al., 2013; Kuhnen and Knutson, 2005; Niv et al., 2012; Phelps et al., 2014; Preuschoff et al., 2008) , important in evaluating risk (Kuhnen and Knutson, 2005; Niv et al., 2012; Pessiglione et al., 2006; Preuschoff et al., 2008; Seymour et al., 2004) , learning from aversive incentives (Chang et al., 2013; Pessiglione et al., 2006; Preuschoff et al., 2008; Seymour et al., 2004) , and integrating cognitive, affective and interoceptive information (Chang et al., 2013; Chein et al., 2011; Preuschoff et al., 2008) .
Characterization of this system's development is an active area of investigation, with task-based functional magnetic resonance imaging (fMRI) studies largely focused on ventral striatal and prefrontal function within reward-seeking contexts (for reviews see Fareri et al., 2008; Galván, 2010; Richards et al., 2013; . A common thread within this body of work highlights large-scale functional changes occurring within the developing ventral striatum, such as heightened responses to monetary reward receipt and to reward anticipatory cues in adolescents compared to adults (Ernst et al., 2005; Somerville et al., 2011) and children (Somerville et al., 2011) (but see also (Bjork et al., 2004; Silvers et al., 2014) ). More specifically, relative to children and adults, adolescents show enhanced sensitivity to larger versus smaller monetary rewards in the ventral striatum (Galván et al., 2006) , enhanced learning-related signals (Niv and Schoenbaum, 2008) in the ventral striatum , and stronger responses to positive affective cues (Somerville et al., 2011) . Developmental differences in ventral striatal function during rewardseeking contexts are often observed in conjunction with differences in vmPFC and OFC recruitment, such as increased vmPFC activation in adolescents during high risk decisions (though see also Eshel et al., 2007; Van Leijenhorst et al., 2010a) and increased OFC activation in adults to omitted rewards (Van Leijenhorst et al., 2010b) . A large region of vmPFC has also recently been implicated as showing a linear agerelated increase in activation to the expected value associated with a decision (e.g., probability of receiving a reward * amount of reward) (van Duijvenvoorde et al., 2015) . The differential functional developmental trajectories of the ventral striatum and related prefrontal cortical regions may in part underlie observed increases in reward-seeking during this developmental period.
In addition to these developmental changes, the amygdala, hippocampus and insula each have their own developmental timelines. Findings suggest the amygdala to be a functionally early developing region (reviewed in Tottenham and Sheridan, 2009) , showing robust reactivity during childhood and adolescence which attenuates with age (Gee et al., 2013; Guyer et al., 2008; Swartz et al., 2014; Tottenham et al., 2012; Vink et al., 2014 ; though see also Hare et al., 2008b) , whereas hippocampal development tends to be more protracted (Gogtay et al., 2006; Payne et al., 2010; Tottenham and Sheridan, 2009 ) (but see also (Wierenga et al., 2014) ). The insula, which shares connectivity with cortical and subcortical structures including the ventral striatum (Reynolds and Zahm, 2005 ) is one of the first cortical structures to develop, beginning to differentiate prenatally (Alcauter et al., 2013 ), though refinement of organization, function and connectivity likely continues into early adulthood (Alcauter et al., 2013; Scherf et al., 2006) . Recent studies report an adolescent peak in insula recruitment related to computations of risk (van Duijvenvoorde et al., 2015) and social learning signals (Jones et al., 2014 ) as compared to childhood and adulthood.
Ventral striatal development has been most commonly studied in the context of its association with prefrontal cortical development, which continues into early adulthood. Many structural neuroimaging studies suggest protracted prefrontal development in comparison to striatal development (Giedd, 2004 ; though see also Raznahan et al., 2014; Sowell et al., 1999) , often supported by differential functional developmental trajectories of these regions . It is often suggested that differences in rewardseeking behavior across development may result from these differential developmental trajectories. In terms of task-based connectivity between the ventral striatum and prefrontal cortex, age-related linear increases in ventral striatal-mPFC functional connectivity have been reported between late childhood through early adulthood when receiving positive incentives (van den Bos et al., 2012) . Other studies suggest differential ventral striatal-mPFC recruitment during incentive-based learning depending on age; for example, representation of incentivebased learning signals in ventral striatum, subgenual anterior cingulate cortex (sgACC) and ventrolateral PFC is more robust at younger ages, and negatively correlated with performance, whereas by adulthood, performance improves with more focal representation of such signals in vmPFC (Christakou et al., 2013) . Thus while it is clear that agerelated changes in ventral striatal functional connectivity manifest across childhood into adulthood, functional relationships with prefrontal cortex seem to differ as a function of specific task-based contexts (Richards et al., 2013) . Further, recent work has begun to investigate development of connectivity between the ventral striatum and the insula during incentive-based processes, though noting similar patterns of connectivity between these regions in adolescents and adults, potentially due to task parameters (Cho et al., 2013) . In light of these discrepancies, we sought to characterize stable functional changes in ventral striatal functional connectivity across this broad age range, from early childhood through young adulthood, in the absence of task-based demands.
One powerful approach to addressing the development of ventral striatal functional connectivity is the use of resting-state functional connectivity (rsFC), which has emerged as a non-invasive tool with which to investigate the stability of functional neural connections (Cole et al., 2010; Raichle, 2010; Raichle et al., 2001; Utevsky et al., 2014; Van Dijk et al., 2010) . rsFC provides a means to characterize functional neural organization independently of differences in task demands and sensitivity to incentives (e.g., money) which may be confounded across development. rsFC is thought to reflect local oscillations of neuronal populations (Riedl et al., 2014) necessary for maintaining stable functional relationships between neural regions often involved in related processes (Buckner and Vincent, 2007) . Successful implementations of rsFC have characterized the development of both functional neural networks (Fair et al., 2008 (Fair et al., , 2010 Pizoli et al., 2011) and connectivity of specific brain structures (Delmonte et al., 2013; Di Martino et al., 2011; Gabard-Durnam et al., 2014; Qin et al., 2012) . In adulthood, striatal connectivity at rest shows widespread positive connectivity with mPFC, medial temporal lobe and posterior cortical structures (Di Martino et al., 2008) , and network approaches have demonstrated connectivity between the ventral striatum and both association and limbic-related networks of regions (Choi et al., 2012) . On the other hand, it has been demonstrated to date that children comparatively show less connectivity with medial prefrontal structures (Di Martino et al., 2011; Greene et al., 2014 ; but see also Porter et al., 2014) . However, considering children and adults only makes it difficult to characterize the timing of neurodevelopmental changes in the construction and organization of ventral striatal functional connectivity. Delineating these changes across early childhood, adolescence and early adulthood will both help inform an understanding of functional neural development and provide a broader context within which to consider the timing of the developmental changes in incentive-based behavior.
We investigated ventral striatal rsFC in a cross-sectional sample of typically developing individuals aged 4.5-23 years old. We employed a seed-based correlation approach (Gabard-Durnam et al., 2014) to probe the nature of age-related changes in ventral striatal rsFC with targeted a priori ROIs involved in incentive-based valuation processes (Bartra et al., 2013; Phelps et al., 2014; Rangel et al., 2008) , including the amygdala, hippocampus, mPFC, and insula. Based on prior investigations of amygdala development and the anatomical connectivity between the amygdala and ventral striatum (Gabard-Durnam et al., 2014; Gee et al., 2013; Groenewegen et al., 1999; Tottenham et al., 2012; Vink et al., 2014) , we expected stable connectivity between the ventral striatum and amygdala to emerge early in life. Further, considering evidence of hippocampal development being more protracted and its involvement in more complex value-based processes (Barron et al., 2013; Gogtay et al., 2006; Payne et al., 2010) , we expected later emergence of connectivity between the ventral striatum and hippocampus. We additionally expected diverse patterns of developmental change in ventral striatal connectivity with prefrontal cortex and insula, based on evidence suggesting divergent anatomical (Alcauter et al., 2013; Giedd et al., 1999; Sowell et al., 1999 Sowell et al., , 2002 and functional Jones et al., 2014; Scherf et al., 2006; van Duijvenvoorde et al., 2015) developmental timelines for these regions, particularly with respect to their roles in incentivebased processes. Additionally, the development of neural systems supporting incentive-based learning, particularly striatal-prefrontal circuits, has been linked to developmental changes in sex hormone levels reviewed in Kuhn et al., 2010) . Individual differences in testosterone levels significantly correlate with a ventral striatal response to monetary reward receipt in adolescents, with increasing levels of testosterone associated with increased reward-related BOLD responses in the ventral striatum (Op de Macks et al., 2011) . Testosterone is also related to: 1) prefrontal structural development within the anterior cingulate cortex (Koolschijn et al., 2014) ; 2) modulation of ventral striatal function in adults (Hermans et al., 2010; Rilling, 2013) ; and 3) ventral striatal-prefrontal structural and functional connectivity in adults (Peper et al., 2011 (Peper et al., , 2013 . In light of this literature, as well as evidence pointing to the importance of sex hormones in behavioral development (i.e., novelty-seeking, risk-taking, sexual behavior) during the transitions to adulthood Schulz et al., 2009a,b; Spear, 2000) , we examined changes in testosterone levels as one possible mechanism underlying significant age-related changes in ventral striatal connectivity at rest. Given that testosterone has been associated with both ventral striatal function across development as well as structural maturation of the anterior cingulate cortex, we expected to see associations between testosterone and ventral striatal connectivity with anterior cingulate cortex.
Methods and materials

Participants
Resting-state fMRI data were acquired for 66 participants between the ages of 4.5 and 23 years old (35F/31M, mean = 13.03, sd = 4.89; see Fig. 1 for a distribution of participants' ages). 55 individuals in this sample were also included in another recent study from our group investigating the development of amygdala functional connectivity at rest (Gabard-Durnam et al., 2014) . We recruited an ethnically diverse sample: European-(40.9%), Asian-(25.8%), and African-American (21.2%), Native Hawaiian/Pacific Islander (7.6%), and American Indian/ Alaska Native (4.5%). 16.7% of participants in this sample identified as Hispanic/Latino. All participants over the age of 18 were enrolled undergraduate students in Southern California, recruited through advertisements on campus. Children and adolescents were recruited for this study via local advertisements and state birth records obtained through the Developmental Subject Pool. All participants were screened over the phone for physical and psychological contraindications for MRI, including psychotropic medication status, developmental disabilities and neurological disorders. In lieu of a diagnostic interview to exclude individuals with a psychiatric disorder, we assessed participants to ensure that they were within the normal range on clinical measures of socio-affective function, internalizing illness and intelligence. We screened child and adolescent participants in the laboratory with paper assessments of mental health including the Child Behavior Checklist (CBCL; (Achenbach, 1991) ) and the Revised Children's Anxiety and Depression Scale (Chorpita et al., 2000) . All but one participant scored below the clinical cutoff T scores of 63 for CBCL total problems (mean = 44.98, sd = 10.08); however, we elected to include this individual in our final sample because they did not prove to be an outlier in any analysis, and because they were within normal limits on anxiety and internalizing scales of the RCADS. All participants were below borderline clinical cutoff T scores (65) on the RCADS total anxiety (mean = 34.75, sd = 4.35) and internalizing (mean = 33.86, sd = 4.73) scales. Measures of trait anxiety (STAI (Spielberger, 1983) ) were collected for adult participants, with the mean score for our adult participants falling within normal limits (mean = 39.4, sd = 7.81). Adult participants or parents of child and adolescent participants provided written consent for participation in this study. Participants between the ages of 6 and 17 years old were assessed on cognitive ability via the Wechsler Abbreviated Scale of Intelligence (Weschsler, 1999) . The average full-scale intelligence quotient of this sample was 113.2 (sd = 17.1). The data presented here were collected at the end of a larger experimental session examining neuroaffective development via the use of task-based functional neuroimaging; all participants received financial compensation ($80) for taking part in the study. This study was approved by local Institutional Review Boards.
Procedures fMRI data acquisition
Prior to the experimental session, all participants were acclimated to the scanner environment in a mock scanner. The resting state scan was performed at the end of a forty-five minute scanning session, which included task-based scanning. The resting state sequence was preceded by approximately 15 min of structural neuroimaging sequences to minimize influence from the previous task-based sequences (GabardDurnam et al., 2014) . As motion artifacts are a concern in both studies of resting-state connectivity and developmental neuroimaging studies, care was taken to minimize head motion at the outset of the experimental session, through the use of a vacuum-packed pillow and additional padding placed all around participants' heads. Additional and extensive motion correction procedures were applied to the acquired data (see Section 2.1.2.3 below). For the resting-state sequence, participants were instructed to remain still with their eyes closed (without falling asleep). We also presented participants with a white fixation cross on a plain black screen in the event they did not keep their eyes closed. Participants were able to view this display through MR-compatible video goggles (Resonance Technology, Inc). We assessed alertness via direct observation upon completion of the scan session and self-report.
Structural and functional data were acquired using a Siemens Trio 3 T scanner with a 12-channel head coil. Anatomical images were collected using a T1-weighted MPRAGE sequence prior to the restingstate scan (in-plane resolution: 256 × 256, FOV: 256 mm, 192 1 × 1 × 1 mm slices). Resting-state data were acquired in a 6-minute, T2-weighted echoplanar imaging sequence in accordance with the following parameters: 33 oblique-axial slices, voxel size = 3.4 × 3.4 × 4.0 mm, slice thickness = 4 mm, FOV = 220 mm, 64 × 64 matrix, TR = 2000 ms, TE = 30 ms, flip angle = 75°. Evidence suggests that a sequence of 6 min in length is sufficient for detection of reliable and stable functional correlations between regions at rest (Van Dijk et al., 2010) . Oblique axial slices were acquired at an angle of approximately 20-30°in order to maximize functional coverage while minimizing drop-out.
fMRI data preprocessing
Processing and analyses of neuroimaging data were performed using Analysis of Functional Neuroimages (AFNI) software (Cox, 1996) . The first four volumes of the resting state run were discarded in order to account for the stabilization of the BOLD signal. Standard preprocessing steps were initially performed on functional data: slice-time correction, six parameter motion correction, and Gaussian spatial smoothing using a 6 mm-FWHM smoothing kernel. Volumes of data exhibiting a change in motion of more than 2.5 mm from the reference volume were excluded from analyses (i.e., censored). The mean length of participants' resting state session was 168 volumes (sd = 19.04). One participant's data included more than 3sd below the mean of 168 usable volumes; however, this participant proved not to be an outlier in any analysis, and as such was included in the final sample of data reported here. For all analyses, functional data were normalized to percent signal change, registered to anatomical images, warped to Talairach space (Talairach and Tournoux, 1988) , and resampled to a resolution of 1 mm 3 . We note that a number of studies have supported the notion that registration of children's data to standard coordinate spaces based on adult brains (e.g., Talairach and Tournoux, MNI) is methodologically appropriate (Burgund et al., 2002; Kang et al., 2003) . Previous work from our laboratory further supports this (Gabard-Durnam et al., 2014) , demonstrating that anatomical averages of subcortical nuclei for developmental samples significantly overlap with the adult template, suggesting that differences in registration across development were not a confounding factor in analyses.
Motion correction
BOLD signal fluctuations reflecting rsFC are highly susceptible to motion confounds (Power et al., 2012; Van Dijk et al., 2012) , particularly for developmental samples (Cole et al., 2010; Satterthwaite et al., 2012; Van Dijk et al., 2010 , 2012 . Thus a number of additional processing steps were taken in order to guard against spurious influence of motion here. A conservative bandpass filter (0.009 Hz b ƒ b 0.08 Hz) was applied to filter out high-frequency signals which may demonstrate a stronger sensitivity to motion artifacts in resting-state data (Satterthwaite et al., 2012) . We performed standard motion correction (3 translation and 3 rotation parameters) and included these as regressors of no interest in our analyses at the single subject level. The first temporal derivatives associated with motion in each plane were also included as single subject regressors of no interest (Van Dijk et al., 2010 , 2012 . Influences of submillimeter motion and physiological effects are also potential confounds in resting-state fMRI, particularly in developmental samples. We accounted for these additional sources of spurious influence with regressors of no interest modeling white matter intensity, physiological noise in cerebrospinal fluid, and the mean global signal across the brain. These signals were regressed out at the single subject level using a simultaneous regression procedure (as opposed to bandpass filtering prior to regression) in order to avoid both inflated restingstate correlations and reintroducing noise into the signals of interest (Hallquist et al., 2013) . We also included a group level motion regressor-mean framewise displacement-in our whole brain and ROI group analyses to further account for potential motion confounds. Mean framewise displacement (FD) was calculated by subtracting the translation values at every timepoint in each plane from the previous timepoint, taking the average of the absolute value of the change in motion at each timepoint, and then computing the square root of the sums of squares of these values (Gabard-Durnam et al., 2014; Van Dijk et al., 2012) .
We note the current debate in the literature regarding the use and utility of regressing out the mean global signal at the individual participant level. While some evidence suggests that including global signal as a regressor of no interest in studies of rsFC may induce unwanted and spurious effects (Saad et al., 2013; Satterthwaite et al., 2013) , additional recent evidence suggests that inclusion of the global signal may be useful (Miranda-Dominguez et al., 2014) , particularly when additional physiological measures are not available (Chen et al., 2012 ). Because we did not collect physiological measures of heart rate and respiration, and because standard physiological toolboxes (e.g., PESTICA, IRF-RETROICOR (Beall, 2010; Beall and Lowe, 2007) ) to generate physiological regressors are not optimized for developmental samples-i.e., physiological noise from heart rate and respiration may differ across development-, we chose to regress out the mean global signal at the single participant level. However, supplemental analyses were conducted without modeling global signal as a regressor of no interest to assess whether our results were influenced by spurious negative correlations (Gabard-Durnam et al., 2014; Hampson et al., 2010) . For this supplemental analysis, we used estimates of whole brain correlation with the ventral striatum timeseries as a group level regressor. We computed the average correlation between the resting state timecourse of the bilateral ventral striatal ROI and the rest of the brain, obtaining a single correlation coefficient for each participant. These values were subsequently entered into our group analyses as a group level regressor of no interest. Results are presented in Appendix A. We note, however, that this alternative analysis without global signal does not account for the influence of physiological noise in the resting-state data, leading to potential difficulties in interpretation and additional confounds that cannot be addressed.
Ventral striatal seed region and timeseries extraction
We chose a bilateral anatomical region of interest (ROI) encompassing the ventral striatum from the Oxford-GSK-Imanova structural striatal atlas (Tziortzi et al., 2011) included within the FSL software package (FMRIB, Oxford, UK). This anatomical ROI encompasses the nucleus accumbens, ventral caudate and ventral putamen (Fig. 2) . We chose this conservative ROI, as opposed to placing smaller seeds within different portions of the ventral striatum (Di Martino et al., 2008 as it can be difficult in human and non-human primates to clearly distinguish separable anatomical markers for ventral striatal subregions, with delineations most clearly characterized by differences in the regions from which afferents are received, and in the neurotransmitters and receptors present (Haber et al., 2006; Haber and Knutson, 2010; Haber and McFarland, 1999) . We elected to choose a bilateral ROI because we had no a priori hypotheses regarding laterality differences in ventral striatal connectivity. Previous developmental studies of striatal connectivity (Porter et al., 2014) report results averaged across left and right ventral striatal seeds as minimal differences emerged in connectivity with the rest of the brain. This ROI was transformed to standard Talairach space in AFNI and overlaid onto each individual's resting state functional data for timeseries extraction. To ensure that voxels containing white matter were not included in the analyses, individual white matter masks were created for each subject's anatomical images using FSL's FAST segmentation toolbox. A probability threshold of approximately 0.55 was employed by FAST to categorize voxels as white matter. We then subtracted out any voxels containing overlap between the anatomical ventral striatal ROI and an individual's white matter mask using the 3dcalc function in AFNI. Resulting ventral striatal seed ROI masks were manually inspected for all subjects and manually adjusted within AFNI when necessary.
The timeseries was extracted from the ventral striatal ROI for all subjects after simultaneous regression to filter and remove effects of regressors of no interest. Whole brain multiple regression was performed at the single subject level using the 3dREMLfit program in AFNI to generate single subject whole brain maps showing regions demonstrating resting state functional connectivity with the ventral striatum. 3dREMLfit employs a least-squares restricted maximum likelihood estimation via an auto-regressive moving average (ARMA(1,1)) model to determine the best fit for each voxel and to correct for serial correlations within the residuals of the regression model.
Group connectivity analyses
Whole brain analysis: age-constant connectivity. To characterize connectivity independent of any potential developmental differences, we conducted a whole-brain analysis holding age constant (Gabard-Durnam et al., 2014) . Using the 3dttest++ program in AFNI, we performed a whole brain ANCOVA using individual participants' ventral striatal timeseries as the dependent variable of interest, entering age as a mean centered regressor. This analysis highlights connectivity between the ventral striatal seed region and the rest of the brain that is significantly different from zero (i.e., either positive or negative connectivity). Mean framewise displacement (FD) served as a group level motion regressor. The resulting statistical parametric map (SPM) thus reveals significant connectivity with the ventral striatum when controlling for FD. Whole-brain results were set to an initial height threshold of p b .01 and whole-brain cluster corrected to p b .05 using the 3dClustSim program in AFNI, which conducts a series of Monte Carlo simulations over the whole brain to determine adequate correction for multiple comparisons and detection of false positive activations. Local maxima within activated clusters in this whole brain analysis were determined using the 3dExtrema program in AFNI.
Targeted ROI analyses. Targeted region of interest (ROI) analyses were conducted to specifically investigate the development of resting state connectivity within regions involved in incentive-based learning and valuation. We specifically targeted subcortical structures including the amygdala and hippocampus, as well as regions of prefrontal cortexorbitofrontal cortex (OFC), ventromedial prefrontal cortex (vmPFC) and anterior cingulate cortex (ACC). As we had no a priori hypotheses regarding laterality differences, bilateral anatomical ROIs encompassing these regions were taken from the Harvard Oxford atlas in FSL (amygdala, hippocampus, OFC, vmPFC) and the Talairach Daemon atlas within AFNI (ACC). Because functional dissociations have been characterized in both human (anterior/posterior) and non-human animals (ventral/ dorsal) (Fanselow and Dong, 2010; Moser and Moser, 1998; Satpute et al., 2012) , we also examined connectivity with the anterior and posterior portions of the hippocampus separately based on coordinates from Kahn et al. (2008) by combining 3 mm spheres of the two most anterior and two most posterior coordinates. The ACC mask was segmented into divisions roughly corresponding to the subgenual ACC/BA25, ventral ACC, perigenual ACC, and an anterior dorsal ACC region (Bush et al., 2000) ; these ACC subregions comprise portions of the ACC largely implicated in affective processing. The sgACC subregion was segmented based on overlap between the ACC mask and a mask encompassing BA25. All other ACC subregions were segmented based on divisions in the axial plane using coordinates from Bush, Luu and Posner (Chang et al., 2013; Pessiglione et al., 2006; Preuschoff et al., 2008; Singer et al., 2009 ): ventral ACC, z = − 10:−1; pgACC, z = 1:9; adACC, z = 10:20. We additionally investigated ventral striatal connectivity with the insula, given the insula's broad role in affective valuation and learning (Chang et al., 2013; Deen et al., 2011; Kelly et al., 2012) . As evidence suggests functional subdivisions of the insula (Kelly et al., 2012) , we segregated the insula into ventral anterior, dorsal anterior and midposterior clusters as per Kelly et al. (2012) .
All ROI masks were resampled to 1 × 1 × 1 mm, and warped to Talairach atlas space in AFNI. Masks were tailored to individual participants' anatomy by subtracting out any overlap between the anatomical ROI mask and an individual participant's white matter mask. Parameter estimates (β) indexing connectivity between each ROI and bilateral ventral striatum were extracted for each subject and entered into separate linear regression models in the R statistical language with age and FD as regressors. We also tested for quadratic effects of age with respect to ventral striatal connectivity with each of our targeted ROIs by including age, age-squared and FD as regressors. Quadratic analyses thus controlled for any linear effects. For tests of quadratic effects of age on connectivity only those that emerged as significant or trending are reported. Any age-related effects-linear or quadratic-emerge when controlling for effects of FD. For significant or trending linear effects, we also report the partial correlation between age and parameter estimates (β) indexing connectivity between the VS and target ROIs, controlling for FD; for significant or trending quadratic effects, we performed partial correlations between age-squared and parameter estimates (β) indexing connectivity between the VS and target ROIs, controlling for both linear effects of age and FD. The partial correlation value serves as an index of effect size. Because we tested multiple ROIs within larger regions (e.g., 6 mPFC ROIs), we applied a Sequential Bonferroni Correction (Holm, 1979; Rice, 1989) . This correction method requires ordering all post-hoc comparisons within a family of tests in order of significance and seeing if the most significant meets a corrected p-value of .05/ number of tests. Thus, within the mPFC, we tested 6 ROIs, so the most stringent test would have to meet a corrected level of significance of p b .05/6, or p b .0083. The next most significant test would be subject to a corrected p-value of .05/5, or p b .01, and so on. Within the insula and hippocampus, there were 3 regions tested in each, and so the Fig. 2 . Bilateral ventral striatum seed region. A bilateral ventral striatum seed region encompassing the nucleus accumbens, ventral caudate and ventral putamen was chosen from the Oxford-GSK-Imanova Structural-Anatomical Striatal Atlas (Tziortzi et al., 2011) . ROI masks were overlaid on individual participants' brains; overlap between mask placement and white matter was subtracted out for each individual participant. ROI depicted at y = 7. most significant result within a family of tests would be subject to a corrected level of p b .05/3, or p b .016.
Statistical treatment of age. Regression analyses were performed with age as a continuous predictor; however we additionally performed post-hoc one-sample t-tests within each age group of average parameter estimates (β) reflecting connectivity against 0 (children: 4-10 (n = 27); adolescents: 11-17 (n = 28), adults: 18-23 (n = 11)) for interpretation and display purposes. We note that significant results reported below do not change substantially when removing outliers whose rsFC parameter estimates were ±3sd outside of the sample mean (see Appendix A for additional results). To correct for multiple post-hoc comparisons, within each ROI, we applied a Sequential Bonferroni Correction to these analyses as well. In this case, because we were testing whether children, adolescents and adults each demonstrated rsFC with the ventral striatum that was significantly different from zero, the most significant result within an ROI needed to meet a corrected p-value of .05/3, or p b 0.016. The next most significant test would be subject to a corrected p-value of .05/2, or p b .025, and the least significant test would have to meet a p-value of b .05. For each ROI, if these criteria were not met, we have noted that results were trends or not significant after correction. For these post-hoc analyses, we also computed the correlation estimates (r) between nuisance residualized VS timeseries and target ROIs at the single subject level and report the average of these correlation estimates per age group to get an average measure of strength of coupling per age group.
Supplemental whole-brain age-related analyses. We additionally performed whole-brain voxelwise analyses examining linear and quadratic age-dependent changes in ventral resting-state connectivity. Methodological procedures and associated results for these whole brain analyses are described in full in Appendix A.
Hormonal level assessment
Recent evidence suggests that testosterone may play a role in development of ventral striatal function during reward-processing (Op de Macks et al., 2011) , and in structural development (Koolschijn et al., 2014) of cortical components of incentive-based learning circuitry (Peper et al., 2011 (Peper et al., , 2013 . Testosterone was assayed from saliva samples from a subset of participants (50 total, 23 female/27 male). Saliva (2 samples from the evening-5:00 PM and 8:00 PM) was assayed by Dresden Lab Service (Dresden, Germany). Salivary testosterone concentrations were measured using commercially available chemiluminescence-immuno-assays with high sensitivity (IBL International, Hamburg, Germany). The intra and interassay coefficients for testosterone are below 11%. We computed an average testosterone level for each subject. A log transformation was applied to account for positive skew in raw testosterone levels. We subsequently accounted for differences in average levels of testosterone production in males and females (t (47.5) = 1.95, p = .057; independent samples t-test, equal variances not assumed) by subtracting the minimum value within each group from individual testosterone levels for each subject, and then scaling this result by dividing by the difference between maximum and minimum values within each group (t (47.6) = 1.05, p N 0.3 after accounting for differences in production values) to obtain a percent of maximum possibility score for each participant (Cohen et al., 1999) . Given effects of endogenous testosterone on structural development of ACC (Koolschijn et al., 2014) , as well as on ventral striatal functional activation during reward-based tasks in developmental samples (Op de Macks et al., 2011) , we had an a priori hypothesis that there would be an association between testosterone and ventral striatal connectivity with ACC subregions. We specifically looked in only in ACC regions that demonstrated a significant age-related change in connectivity with the ventral striatum. We conducted a non-parametric bootstrapping mediation analysis using the PROCESS macro in SPSS (Hayes, 2012 (Hayes, , 2013 to assess whether circulating levels of salivary testosterone mediated significant age-related changes in connectivity between the ventral striatum and ACC subregions. Path coefficients, standard errors and significance levels are reported for the effects of age on salivary testosterone (path a), as well as for the effect of salivary testosterone on ventral striatal-sgACC connectivity (path b). Mediation was assessed via estimation of indirect and direct effects of age on ventral striatal-sgACC connectivity. Point estimates and 95% bias-corrected confidence intervals (Efron, 1987; Hayes and Scharkow, 2013) are reported for indirect and (ab) and direct effect (c′) paths. Confidence intervals not crossing zero indicate significant effects. Mean framewise displacement and gender were included as covariates of no interest in the mediation model.
Results
Whole brain analysis: age constant connectivity
An ANCOVA examining resting state functional connectivity with bilateral ventral striatum revealed widespread positive coupling with a number of prefrontal cortical and subcortical regions when holding age constant (see Fig. 3 and Table S1 ). Ventral striatal connectivity with medial prefrontal cortex was particularly robust, with positive connectivity emerging across our sample in multiple portions of the anterior cingulate and medial frontal gyrus, among other regions. Negative connectivity with the ventral striatum at rest was less widespread, but emerged primarily in lateral and posterior cortical regions such as superior temporal gyrus, fusiform gyrus, and precuneus, as well as in the cerebellum and extending to the brainstem (see Fig. 3 and Table S1 ).
Targeted ROI analyses 1
Our primary aim in this study was to probe age-related changes in ventral striatal connectivity with regions that have been shown to be highly connected during adulthood (including mPFC, amygdala, hippocampus and insula). We report age-related regression analyses performed on parameter estimates (β) indexing connectivity between the ventral striatum and each ROI, and for all age-related analyses we also report results of a partial correlation (Partial r) between parameter estimates and age, controlling for FD, or between parameter estimates and age-squared, controlling for age (linear) and FD, which serves as a measure of effect size. We additionally report results of post-hoc ttests against zero conducted on parameter estimates (β), and as a measure of strength of coupling for these post-hoc tests we report the Fig. 3 . Age-constant connectivity. A whole brain ANCOVA holding age-constant (meancentered) was conducted to highlight positive and negative connectivity that was significantly different from zero. Robust positive connectivity emerged between the ventral striatum and medial prefrontal cortex, as well as a number of subcortical structures including the brainstem, amygdala, and portions of parahippocampal gyrus.
average correlation (r) between the ventral striatal and each ROI timeseries per age group. These results are also presented in Table 1 . We note that supplemental whole brain age-related analyses are reported in Appendix A and generally support the results reported below.
Medial prefrontal cortex
We examined ventral striatal connectivity with six specific subregions of mPFC. There was significant positive coupling between the VS and all ROIs examined within the mPFC, and across most regions this coupling was robust and present in our youngest participants (see Fig. 4 ). We observed significant age-related decreases in ventral striatum coupling with subgenual ACC/BA25 as a function of age (β = − .03, SE = .008, t = − 3.44, p b .001; Partial r = − 0.39; Fig. 4a ), which was strongly positively coupled in childhood and became less coupled with increasing age (t-tests on β vs. 0, mean timeseries correlation: children: t ( Consistent with our whole brain age-constant analysis, positive connectivity emerged between the ventral striatum and a number of mPFC regions which did not vary with age including adACC (β = −.01, SE = .01, t = − 1.11, p N 0.25; Fig. 4d ), vmPFC (β = − .006, SE = .009, t = − .70, p N 0.45; Fig. 4e ), and OFC (β = − .002, SE = .005, t = − 0.45, p N 0.6; Fig. 4f ). In these regions, connectivity remained consistently positive across children, adolescents and adults [adACC: (children: t (26) = 8.01, p b .001, r = .29; adolescents: t (27) = 4.74, p b .001, r = .17; adults: t (10) = 5.64, p b .001, r = .26); vmPFC: (children: t (26) = 3.94, p b .001, r = .20; adolescents: t (27) = 3.95, p b .001, r = .14; adults: t (10) = 2.63, p b .025, r = .14); OFC: (children: t (26) = 4.21, p b .001, r = .18; adolescents: t (27) = 5.63, p b .001, r = .13; adults: t (10) = 1.00, p N 0.3, r = .09)]. No significant quadratic effects of age on ventral striatal-mPFC connectivity emerged.
Amygdala
There were no significant age-related changes in ventral striatalamygdala connectivity (β = − .001, SE = 0.009 t = − .11, p N 0.90; Fig. 5a ). Significant positive coupling between the ventral striatum and bilateral amygdala emerged across all participants (children: t (26) = 3.17, p b .005, r = .15; adolescents: t (27) = 2.96, p b .01, r = .06; adults: t (10) = 3.73, p b .005, r = .18).
Hippocampus
Significant positive age-related changes were observed in ventral striatal-hippocampal connectivity (β = 0.02, SE = 0.008 t = 2.02, p b 0.05; trend after Sequential Bonferroni Correction; Partial r = .25; Fig. 5b ) characterized by no significant coupling between these two regions in children (t (26) = 0.68, p N 0.50, r = .03) and adolescents (t (27) = 1.10, p N 0.20, r = − .02), but positive coupling emerging in adults (t (10) = 4.46, p b .002, r = .16). When examining the anterior and posterior hippocampi separately, age-related increases in connectivity with ventral striatum emerged in the anterior hippocampus (β = .03, SE = .01, t = 2.40, p b .02; trend after Sequential Bonferroni Correction; Partial r = .29; Fig. 5c ), such that there was no significant connectivity in children (t (26) = −0.88, p N .39, r = −.04) and adolescents (t (27) = 0.71, p N 0.4, r = − .02), but these two regions were positively coupled in adulthood (t (10) = 2.07, p = .07; trend after Sequential Bonferroni Correction, r = .12). Posterior hippocampus did not show a significant linear age-related change (β = − .005, SE = .006, t = −.94, p N .30; Fig. 5d ). However, adding a quadratic term to our model revealed a significant quadratic effect of age (β = .003, SE = .001, t = 2.72, p b .009, Partial r = .33), such that adolescents demonstrated a significant negative coupling between ventral striatum and posterior hippocampus (t (27) = − 3.98, p b .001, r = − .14). Connectivity in children (t (26) = 1.14, p N 0.26, r = .02) and adults (t (10) = 0.81, p N 0.4, r = .05) was not significantly different than zero (see Appendix A for additional alternative global signal results).
Insula
Ventral striatal-insula connectivity demonstrated diverse patterns across three subdivisions of insular cortex. Analyses testing for linear effects of age on connectivity between the ventral striatum and insula revealed a trend of a relationship only in the dorsal anterior insula (β = −.02, SE = .008, t = −1.92, p = .06; Partial r = − .24), which does not survive correction for Sequential Bonferroni Correction. No linear effects of age on connectivity between the ventral striatum and either ventral anterior insula (β = − 0.009, SE = .008, t = − 1.15, p N 0.25) or posterior insula (β = − 0.01, SE = .007, t = − 1.44, p N 0.15) were observed.
Adding a quadratic term to our analyses of ventral striatal-insula connectivity revealed significant quadratic effects (controlling for linear effects) of age on connectivity between the ventral striatum and posterior insula (β = .004, SE = .001, t = 2.69, p b .01; Partial r = .32; Fig. 6a ). Similar quadratic patterns were also observed in ventral striatal-ventral anterior insula connectivity (β = .003, SE = .002, t = 2.01, p b .05; trend after Sequential Bonferroni Correction; Partial r = .25; Fig. 6b ) and between the ventral striatum and dorsal anterior insula (β = − .003, SE = .002, t = 1.88, p b .06; not significant after Sequential Bonferroni Correction; Partial r = .23; Fig. 6c ). Quadratic effects in ventral striatal-posterior insula connectivity were characterized by negative connectivity in adolescents (t (27) = −2.36, p b .03; trend after Sequential Bonferroni Correction, r = −.09), but no significant connectivity in children (t (26) = 1.66, p = .11, r = . 
Associations with age-related change in testosterone
We tested our a priori hypothesis that there would be an association between testosterone and significant age-related changes in ventral striatal connectivity with ACC subregions. We specifically tested whether age-related linear decreases in ventral striatal-sgACC connectivity, which were most significant between childhood and adolescence (t (45.67) = − 3.39, p b .002) as opposed to between adolescence and adulthood (t (31.77) = 1.16, p N 0.25), were mediated by changes in circulating testosterone levels, controlling for mean framewise displacement and gender. A significant effect of age on salivary testosterone levels (a = 0.03, SE = 0.008, p b .001) (we note that separate linear regression analyses indicate that this effect was present in both males (β = .038, SE = .01, t = 3.70, p b .001) and females (β = .03, SE = .01, t = 2.70, p b .02)), and a significant effect of salivary testosterone levels on ventral striatal-sgACC connectivity (b = − 0.42, SE = 0.20, p b .05; Fig. 7a ) was observed. To assess mediation, non-parametric bootstrapping revealed a significant indirect effect between age and ventral striatal-sgACC connectivity through salivary testosterone (ab = −0.01, BC CI: [− 0.04, − 0.001]), which weakened the direct effect of age on connectivity alone (c′ = −0.017, BC CI: [−0.04, 0.10]) (Fig. 7b) .
Discussion
In this paper, we examined the development of the core neural circuits involved in incentive-based learning across childhood, adolescence and early adulthood (ages 4-23 years old) in a task-free manner. In general, our findings revealed that across these ages, significant linear and nonlinear changes were observed in resting state connectivity between the ventral striatum and the primary circuitry implicated in incentive-based learning (mPFC, hippocampus, and insula). Childhood , vmPFC (e.), OFC (f.)) across age. Significant linear age-related decreases in connectivity emerged in ventral striatal-sgACC connectivity. Linear age-related decreases in connectivity with the ventral ACC and pgACC, become non-significant after Sequential Bonferroni Correction. * denotes significant differences from zero (p b .05).
† denotes trend level differences from zero (p b .10). † † denotes not significant after Sequential Bonferroni Correction (p b .10). ROIs depicted at x = 2 (panels a-e) and z = −13 (panel f).
is characterized by significant ventral striatal connections with mPFC and amygdala. Taking the stance that the ventral striatum is a hub for incentive value-related signals (Haber and Knutson, 2010) , one interpretation of our data is that these regions all work together at early ages to aid in understanding environmental contingencies, both rewarding and aversive. With time, the types of value-related information communicated between the ventral striatum and these regions may shift, with those remaining consistently positively coupled (e.g., vmPFC, OFC, amygdala) more involved in stimulus, decision and outcome evaluation (Bartra et al., 2013; Rangel et al., 2008; Salzman et al., 2007) , whereas those cortical regions demonstrating age-related shifts in connectivity strength and patterns become less involved in incentive-based learning, supporting more general affective processes (e.g., sgACC) (Christakou et al., 2013; Critchley et al., 2004) . Further, quadratic (i.e., U-shaped) changes in connectivity characterized by negative connectivity patterns during adolescence between the ventral striatum and posterior hippocampus, as well as the posterior insula, potentially suggest opposing relationships between the ventral striatum and these regions during adolescence. Taken together our findings provide a novel context within which to consider how ventral striatal communication with cortical and subcortical regions across development can differentially impact incentive-based valuation and learning.
Linear age-related changes in ventral striatal connectivity
We observed diverse patterns of age-related changes in ventral striatal functional connectivity with a number of our targeted regions of interest. The sgACC exhibited robust positive connectivity in our youngest participants (i.e., prior to adolescence), suggesting early communication between these regions. Significant age-related decreases in connectivity were observed in ventral striatal connectivity with the subgenual anterior cingulate cortex, although connectivity remained significantly positive in adolescent and adult participants; correlation estimates support the notion that the strength of connectivity between these two regions declines with age. The sgACC is known to be highly involved in affective processes in adults, including mood regulation (Drevets et al., 1997; Price and Drevets, 2012) , craving (Kober et al., 2010) , fear learning (Dunsmoor et al., 2011) and extinction (Phelps et al., 2004) . The sgACC supports complex, interactive value computations during decision-making (e.g., incorporating advantages and disadvantages of a potential option (Park et al., 2011) ). During development, representation of incentive-based learning signals in sgACC in concert with ventral striatum and ventrolateral PFC at younger ages tends to relate to poorer performance, whereas by adulthood, representation of such signals in vmPFC relates to better performance (Christakou et al., 2013) . Thus one interpretation of our findings is that the decline in strength of positive coupling between these two regions across development reflects functional specialization of ventral striatum and sgACC over time to support differential affective valuation-based processes over time. This age-related change in resting-state connectivity was most prominent during the transition between childhood and adolescence. To answer the question of whether these changes were related to changes in puberty, we observed that levels of the pubertal hormone testosterone, which, consistent with recent work (Koolschijn et al., 2014) , increased with age for both males and females (albeit with different production ranges), were negatively associated with the strength of ventral striatal-sgACC connectivity and significantly mediated the negative relationship between age and connectivity. Androgen receptors are abundant throughout the mesolimbic dopaminergic system (Kritzer, 1997) and consistent with androgen and tyrosine hydroxylase co-localization findings, several human imaging studies have found interactions between the two systems. Testosterone has been associated with incentive-based processes and ventral striatal function during adolescence such that increasing levels of testosterone in males and females positively correlates with the ventral striatal response to reward (Op de Macks et al., 2011) , and explained more of the variance in the ventral striatal reward response than did age. Testosterone has additionally been associated with volumetric changes in prefrontal structures (e.g., ACC) such that higher levels of testosterone predict gray matter maturation (volumetric decreases) in ACC, particularly in males (Koolschijn et al., 2014) . Interpreted within this context, our findings suggest that testosterone might be an important developmental agent driving the functional specialization of the ventral striatum and sgACC to support different components of incentive-based valuation. In other words, given the relevance of testosterone to incentive-based behavior, neural function, and the integrity of striatal-prefrontal circuits in adulthood as well as during development, it is possible that early in life the sgACC co-activates with the ventral striatum to support incentive valuation, but that increasing levels of testosterone with age enhance the motivational relevance of the ventral striatum, reducing the functional relationship with sgACC, enabling the sgACC to convey more general affective and arousal based signals (reviewed in Critchley et al., 2004) .
Quadratic changes in ventral striatal connectivity
We observed significant quadratic age-related changes in connectivity between the ventral striatum and posterior hippocampus, characterized by negative connectivity during adolescence. Rodent analogs of the posterior hippocampus (i.e., dorsal hippocampus) have been implicated in supporting cognitive functions such as spatial learning and memory (Fanselow and Dong, 2010; McDonald and Hong, 2013) . Additional recent rodent evidence reports signals associated with goal, decision and outcome values (Lee et al., 2012) and increased neural activity (i.e., theta oscillations) in the dorsal hippocampus of rodents during a reward decision-making task (Schmidt et al., 2013) , suggesting that this region may play an important role in incentive valuation and decision-making. Corroborating human fMRI evidence supports a role for the posterior hippocampus in value-based decision-making as well, suggesting that it may inform or bias decisions based on the value of past experiences . Interpreted within this framework, the observed quadratic relationship ventral striatal rsFC with the posterior hippocampus may suggest that during adolescence these regions may exhibit an opposing relationship with each other such that the posterior hippocampus may either play less of a role in value-based decision-making or may communicate differential or competing value-based information during decision-making, making for less coherent communication between these regions and contributing to observed behavioral tendencies during (e.g., risk-taking) during this time period.
Quadratic age-related changes in connectivity also emerged with the mid/posterior insula, characterized by negative connectivity in adolescence as compared to no significant connectivity in childhood or adulthood. The mid-posterior subdivision of insular cortex has been linked to pain and somatosensory processes (Chang et al., 2013; Kelly et al., 2012) , and integration of interoceptive signals to inform learning and decision-making (Chang et al., 2013; Kelly et al., 2012; Paulsen et al., 2011; Preuschoff et al., 2008) . Decreased coupling with ventral striatum during adolescence could reflect a reorganization and/or lack of integrative communication between these regions during adolescence. Increases in risk-seeking during adolescence (Barkley-Levenson and Galvan, 2014; Chein et al., 2011; Steinberg, 2008; Tymula et al., 2012) , which are often associated with increases in ventral striatal response, may be a function of reduced ability to appraise interoceptive signals during this period of development. Other components of the insula-ventral/dorsal anterior insula-are often implicated in risk prediction and valuation in adults (Bartra et al., 2013; Preuschoff et al., 2008) and across development (Paulsen et al., 2011) . Although we did not observe significant age-related changes in connectivity between the ventral striatum and these other subdivisions, future work should pursue investigations of the development specifically of ventral striatal-anterior insula connectivity, particularly in light of recent developmental models of anterior insula function in relation to both striatal and lateral prefrontal function , and in light of anatomical connectivity between the ventral striatum and the insula (Reynolds and Zahm, 2005) .
Ventral striatal-amygdala/hippocampal connectivity
We had an a priori interest in characterizing the development of functional relationships between the ventral striatum and both the amygdala and hippocampus, based on the extensive literature across species implicating these regions in value-based learning and decision-making. We observed divergent patterns of connectivity between ventral striatum and these limbic structures. Significant positive coupling was present between the ventral striatum and amygdala in the youngest participants in our sample, and remained positive across adolescence and early adulthood, consistent with previous work (GabardDurnam et al., 2014) . Amygdala function develops early in life so as to facilitate environmental adaptation and learning (Tottenham and Sheridan, 2009 ). The amygdala is crucial for rapid evaluation of both rewarding and aversive stimuli (Belova et al., , 2008 Campeau and Davis, 1995; Davis, 1992; LaBar et al., 1998; LeDoux, 2000; Paton et al., 2006; Peck et al., 2013; Phelps and LeDoux, 2005) , and this functionality develops early in life (Gee et al., 2013 ; see also Gilmore et al., 2012; Tottenham et al., 2012) . In adulthood, the amygdala and ventral striatum support differential but complementary neural computations during learning (i.e., amygdala codes associability of a stimulus and outcome, ventral striatum codes for prediction errors) . Thus, our resting-state data suggest that from an early age, the amygdala and ventral striatum operate in close concert to facilitate learning about rewarding and aversive incentives and patterns of resting state do not seem to change significantly from childhood to adulthood.
A markedly different pattern emerged regarding the development of ventral striatal-hippocampal connectivity. In addition to the quadratic age-related relationship between the ventral striatum and posterior hippocampus, linear patterns of age-related changes in ventral striatal connectivity with the hippocampus also emerged; although they did not remain significant after correction for multiple comparisons, given our a priori interest in the hippocampus, and the contrast with the amygdala, we believe it useful to briefly contextualize these patterns as potentially informative for future studies. Consistent with the notion that the hippocampus develops at later ages compared to the amygdala (Tottenham and Sheridan, 2009) in human (Gogtay et al., 2006) and non-human animals (Payne et al., 2010) , linear age-related increases in ventral striatal-hippocampal connectivity (whole region and anterior subregion) at rest appeared to emerge in adulthood, but was not significantly present in childhood or adolescence. Incentive-based learning and decision-making indeed recruit the hippocampus in adults (Okatan, 2009) , which may contribute by relaying more contextual and relational components of value-based information (Delgado and Dickerson, 2012; Pennartz et al., 2011) . Rodent analogs of the human anterior hippocampus (ventral hippocampus) are implicated in supporting affective function. Human studies report significant correlations between BOLD activation in the anterior hippocampus during a contextual fear learning task and state anxiety (Satpute et al., 2012) , as well as in coding the threat level present in the environment during decision-making (Bach et al., 2014) , consistent with rodent literature implicating this region in affective function. The anterior hippocampus has also been implicated in the construction of value representations of novel stimuli based on memories of related components (Barron et al., 2013) . Speculatively, our findings suggest that the linear development of positive connectivity between ventral striatum and hippocampus, and more specifically the anterior hippocampus, at later ages may reflect a later emergence of these regions working together to support more complex affective valuation processes. The development of ventral striatal-hippocampal connectivity remains an important question for future studies.
Relation to prior studies on striatal functional development Our findings build upon recent investigations of striatal and basal ganglia rsFC development. Di Martino et al. (2011) report that typically developing children demonstrate more robust connectivity than typically developed adults between the ventral striatum and other striatal regions, middle cingulate cortex, precentral gyrus and insular cortex, but show less connectivity with medial prefrontal structures (vmPFC, OFC) . The divergence between these latter results of Di Martino and colleagues and those presented here may be due to differences in analytic techniques (e.g., motion processing), or to the differences in the seed ROI specifications. Greene et al. (2014) investigated basal ganglia connectivity in a similarly constructed sample (children: 7-12 years old, adults 19-31 years old) using partial correlation approaches and a winner take all analysis (see also Fair et al., 2010) . Of note, connectivity between ventral striatum (comprised of a nucleus accumbens ROI within a larger basal ganglia ROI) and an orbitofrontal network emerged in both children and adults, consistent with the present study, and age-related decreases emerged in connectivity between the putamen/pallidum and somatomotor face network across childhood. We note that the consistencies with Greene and colleagues with respect to ventral striatalorbitofrontal connectivity emerge in spite of differences in our inclusion of global signal regression at the single subject level, while Greene and colleagues employed an alternative technique. Though some of our results may be influenced by the inclusion of global signal (see Appendix A), we note a large degree of consistency regardless of whether the global signal is included or not.
We also note a recent study examining developmental changes in ventral and dorsal striatal connectivity at rest in a developmental sample that extended into middle age (i.e., 9-44) (Porter et al., 2014) . One finding of note concerns ventral striatal-insula connectivity. Porter and colleagues report age-related linear decreases in connectivity between the ventral striatum and anterior insula; the authors suggest that stronger coupling during adolescence than in adulthood could reflect a greater dependence on motivated behavior during this time period. While we did not observe significant age-related changes in ventral striatal-anterior insula connectivity, we did note significant quadratic age-related changes in connectivity between the ventral striatum and posterior insula. Differences in the construction of samples of participants, however, may underlie the differential patterns of results: the majority of participants were older than 19 years of age, and adolescents were considered in certain analyses to be all individuals under the age of 19 in the study by Porter and colleagues. Based on this, it is difficult to directly compare results, but we believe our observation of quadratic age-related changes in ventral striatal-insula connectivity may partially underlie developmental differences in incentive-based behaviors. These ideas should be more directly tested in future work.
Limitations
We believe the findings of the present study are an important contribution to the extant literature regarding neural systems supporting incentive-based valuation and their development. We do acknowledge some limitations of our work, however. First, while our overall sample size is similar to that of previous work GabardDurnam et al., 2014; van den Bos et al., 2013; van Duijvenvoorde et al., 2008) , we do note that the adult subsample is somewhat small. We believe that a strength of our study is the large number of children and adolescents enrolled, because of the potential important behavioral and neural changes occurring during the early years of life Steinberg, 2008) . Furthermore, though we present post-hoc t-tests for age groups to characterize connectivity that is significantly different from zero, these analyses were conducted primarily for interpretation purposes. Based on the fact that visual inspection of our data suggests that data from our adult participants were largely consistent, we believe that a larger adult subsample would have strengthened our findings.
Second, we acknowledge the ongoing debate in the literature regarding global signal regression in resting-state fMRI analyses. We chose to include this step in our analyses to account for physiological differences/artifacts that otherwise would not have been possible, as additional measures (e.g., heart rate, respiration) were not available. Not regressing out the global signal would have led our results to be potentially unduly confounded with physiological artifacts. Concern regarding the use of global signal regression in resting-state date stems from the idea that doing so can induce negative connectivity between regions, because this procedure necessitates that the sum of correlation coefficients across the brain with a seed region of interest must be zero. Thus, negative correlations must be present according to this view (Fox et al., 2009; Murphy et al., 2009 ). However, evidence also suggests that global signal regression not only improves the spatial specificity of functional connectivity maps via the removal of noise (Fox et al., 2009 ), but that negative or anti-correlations may be present regardless of whether the global signal is regressed out or not; this has been shown in both rodent (Liang et al., 2011) and human studies (Keller et al., 2013) . Further, correspondence in negative correlations at rest both using fMRI and neuronal recordings in human patients (Keller et al., 2013) , both with and without global signal regression, suggests that negative connectivity may indeed have a neuronal basis. While our supplemental ROI analyses not employing global signal regression did reveal weaker relationships with the ventral striatum, the patterns were similar to those observed when including global signal regression, supporting the idea that this step may indeed help uncover existing effects. Negative connectivity suggests that regions or networks may be involved in opposing or competitive processes, as opposed to a zero correlation, which would suggest no relationship at all. The observation of negative connectivity between the ventral striatum and mid/posterior insula, as well as between the ventral striatum and the posterior hippocampus during adolescence, when interpreted within this light may suggest that these regions are performing opposing functions, underlying changes in incentive-based behavior during adolescence.
Third, we note the possibility some of our connectivity results in regions that were close to our ventral striatum ROI may have been due to signal bleed from our smoothing kernel. A recent study by Greene et al. (2014) noted a similar concern, choosing to regress out signal adjacent to their basal ganglia region of interest. It is noted in that study that doing so does leave open the possibility that true correlations between the regions of interest are not possible to observe. Additionally, because of the focal location of the ventral striatum, and its connectivity to other regions of the striatum itself, including both the ventral striatal signal and that adjacent to it in regression analyses may lead to issues of colinearity, making it potentially difficult to interpret connectivity estimates as well. While we chose not to take the approach of including adjacent signal as a regressor in our model, and note supplemental analyses in Appendix A in support of this, we do acknowledge this as a potential limitation of our study.
Fourth, while we note that our ROI results are generally supported by the whole-brain voxelwise results presented in Appendix A, there is the possibility that using anatomical ROIs particularly for significant portions of cortex may be problematic if the alignment of cytoarchitectonics with function is not specific enough. Future studies investigating the development of ventral striatal connectivity could employ functional parcellation approaches (Blumensath et al., 2013; Choi et al., 2012) to better address such issues.
Finally, while we took great lengths to communicate with our subjects throughout the scanning session, and in particular prior to the resting-state session to ensure alertness, it is certainly possible that some individuals may have experienced bouts of sleepiness during the resting-state sequence, given that it was at the end of the scanning session. Subject sleepiness in the fMRI environment is more often associated with older adults, college age students, and certain clinical populations (Duncan and Northoff, 2013; Raz et al., 2005) . Nevertheless, it is possible that our youngest participants may have had difficulty remaining focused and awake by the end of the session.
Conclusions
Recent years have seen an increase in the use of resting-state fMRI techniques as a means toward understanding the organization of both neural networks and the connectivity between specific regions of interest. The present study examined the normative development of taskfree ventral striatal connectivity across early childhood, adolescence and adulthood, which enables the characterization of continuous change in neurodevelopmental functional organization. Incentives are especially important for learning about environmental contingencies during the early periods of life-i.e., childhood and adolescence-when changes in incentive-based behavior and associated neural systems centered on the ventral striatum may be in a high state of flux. By focusing on this age range during which changes in ventral striatal functional communication may be most dynamic, our study may provide insight to the timing of normative developmental changes in behavior. Further, the rsFC findings presented here can help constrain interpretations of future developmental studies reporting task-based ventral striatal functional connectivity. Interpretations of accounts of no functional connectivity between the ventral striatum and, for example, mPFC during task in young children could be aided by the present results which would suggest that lack of task-based coupling may not necessarily mean that the regions do not communicate early in life, but perhaps that development of the relationship for a particular process may not have yet emerged. Thus, the present findings provide a broader context within which to consider ventral striatal functional development and its behavioral implications.
